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ABSTRACT

Multiple sclerosis (MS) is a chronic neuroinflammatory disease of the central nervous system (CNS)
representing a common cause of neurological disability in your people. While the relapsing-remitting
phenotype is the most frequent form at disease onset, many patients experience an unrelenting

disability progression over time.

To date, many disease modifying treatments (DMTs) are available to counteract disease activity even
if the finding of an effective drug on progressive MS forms is still an unmet need. Several studies
showed that the early initiation of high effective DMT is the best treatment strategy of MS. Whilst
the achievement of the highest anti-inflammatory effect is the mainstream of neurologists and
researchers, it is worth noting that greater is the efficacy of that DMT and greater is the risk of causing

related adverse events. For this reason, many DMTs require focused and rigorous surveillance.

Natalizumab (NTZ) is a high effective DMTs for the treatment of MS. Since 2006, when it has been
commercialized, it changed the natural history of MS becoming one of the most prescribed DMT
worldwide. NTZ inhibits the extravasation of peripheral lymphocytes into CNS limiting the
intrathecal inflammation. If this mechanism of action lead to the reduction of MS activity, on the
other hand, it exposes patients to higher risk of opportunistic CNS infections, especially progressive
multifocal leukoencephalopathy (PML) caused by the intrathecal reactivation of John Cunningham

virus (JCV).

The brain MRI monitoring strategy in patients with MS is vastly different worldwide ranging from
one MRI scans every 6 months to one year. It is worth noting that the MRI monitoring strategy gains
even more relevance in patients under treatment with NTZ to detect the early appearance of PML
pathological changes. In this case, the monitoring range is highly variable across different MS clinics
depending mainly by serum JCV status and treatment duration. Of note, before the recommendations
of the 2021 MAGNIMS consensus, the administration of gadolinium was routinely employed in

patients with MS.

The aim of this study is to explore the effect of recurrent gadolinium exposition in patients with MS

treated with NTZ who routinely underwent brain MRI scan for the PML-risk surveillance purpose



1. MULTIPLE SCLEROSIS
Multiple Sclerosis (MS) is a chronic, inflammatory, autoimmune disease of the central nervous
system (CNS) characterized by the immune-mediated aggression to oligodendrocytes leading to
myelin loss and axonal damage. The incidence of MS is increasing worldwide representing one of
the major causes of non-traumatic disability in younger people. The first description of MS was given
by the French neurologist J.M. Charcot who termed the disease “sclerosis in plaques” due to the
peculiar dissemination of oval lesion in brain and spinal cord white matter. To date, it is known that
these lesions are sites of elevated inflammatory activity damaging both myelin and gray matter.
Several factors have been studied as contributors of MS pathogenesis, (e.g., smoking, vitamin D
deficiency, Epstein-Barr Virus (EBV) infection), but its etiology remains unknown. Despite MS has
been recognized as a T-cell-mediated disease, the effectiveness of new anti-CD20 drugs in reducing
disease activity has cast doubt on the original pathogenetic hypothesis. In 85% of cases, the clinical
presentation is the relapsing-remitting MS (RRMS), while in the remaining cases, the phenotype is a
progressive form from the onset, known as primary progressive MS (PPMS). However, after 15-20
years from onset, nearly 80% of patients with RRMS undergo secondary progression (SPMS)

characterized by an inexorable disability progression over time.

1.1. Epidemiology

Approximately 2.8 million people worldwide are affected by MS, and 1.2 millions of whom are in
Europe. The global MS prevalence ranges from 1 every 3.000 people up to 1 in every 300 people in
countries with the highest prevalence. It affects mainly women (female to male ratio=3:1) and has the
highest incidence between 20 and 50 years of age (1). It has been tradionally thought that prevalence
and incidence of MS were higher in temperate zones far from equator such as New Zeeland, United
States and Northen Europe while they were lower in tropical and subtropical regions leading to a
South to North prevalence gradient. This peculiar distribution suggests that the etiopathogenesis of
MS depends from a complex interaction between genetic, environmental and socioeconomic factors
(2). However, in the last decades the incidence of MS has been increasing worldwide with the loss of
the typical geographical gradient. This discrepancy between the previous and current data may be
related to the erroneous interpretation to the latitudinal gradient in Europe which was based mainly
on prevalence studies (3). It is worth noting that the MS incidence peak is around 35 years while the
prevalence peak is around 50 years thus the crude prevalence and incidence rates could therefore
depend on the age distribution in the MS patient population. The age-standardization with reference
to a standard global population could be the leading factor of the loss of the latitudinal incidence

gradient (4). For instance, the incidence and prevalence of MS have been increasing in Italy in a not



dependent manner from latitude; Italy is a higher-risk region for MS and this may be explained by
environmental factors in addition to the genetic background (5). To date, the global incidence of M'S
is 5.2/100.000 people per year, while the prevalence is 112/100.000 people per year (6). The heat
map of the MS prevalence is depicted in Figure 1.
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Figure 1 Heat map showing the prevalence of MS worldwide. Warmer colors indicate high-
prevalence region. Data from the 2020 Atlas of MS, Third Edition, Multiple Sclerosis International
Federation, MSIF.

Moreover, the number of patients with the MS onset before 18 (pediatric MS) and above 50 years
(late onset MS) is increasing to date. While pediatric MS has an estimated prevalence of 3.1 every
100.000 people, late onset MS account for 5% of all MS cases (1). Interestingly, late onset MS is
characterized by attenuated female to male ratio and higher frequency of progressive course from its

onset (7).

1.2. Etiology
The etiology of MS is still unknown probably resulting from the complex interplay between genetic,
environmental and socioeconomic factors. Among factors traditionally associated to higher risk of
MS there are Epstein Barr Virus (EBV) infection, positive familiar history, smoking obesity and lower

exposition to UV rays.



UVB rays and Vitamin D: several epidemiological studies highlighted the role of UVB rays
and Vitamin D in MS etiopathogenesis since sixties. The lower exposure to UVB rays lead to
hypovitaminosis D which is a common finding in patients with MS. The association between
vitamin D and MS is not established and is only putative since vitamin D has an important

role in the regulation of T CD4 lymphocytes and in the myelinization processes.

Genetic background: although there are no causative genes, one every 8 MS patients have a
positive familiar history and the concordance between identical twins is around 30% (8.9).
One-hundred genes have been studies as predisposing factors for MS pathogenesis.
Accordingly, genes codifying for the major histocompatibility complex II (MHC II) including
the allele HLA-DRB1*1501 of DR2 gene and DQB1*0602, DRB5*0101 and DQA1*0102
are the main genetic predisposing factors in Caucasians. Of interest, the risk of developing
MS is 3 and 6-fold higher in the case of heterozygous and homozygous genotype for the
haplotype HLA-DRB1*1501, respectively (10). More recently, by using genome wide
association studies (GWAS) at least 150 polymorphisms of genes codifying for interleukins
and other inflammation molecules (CD58, IL2RA, IL7R, CD6, TNFR1, BAFF, CYP2RI1 ¢
AHI-1) were found to increase the risk of MS by 10-20% (11-16).

Smoking: It increases the risk of MS by approximately 50% and may explain up to 40% of the
increase in MS incidence in women since the use of smoked tobacco increased
disproportionately in women after the Second World War, in parallel with the increase of MS
incidence (17). Particularly, the risk of MS is enhanced by smoked tobacco rather than chewed
tobacco suggesting a potential role of post-translational modifications induced by smoking in
the lungs. Smoking has also a negative impact on the course of the disease, risk of relapses,

response to drugs, mental state and quality of life.

Obesity: GWAS studies have shown that genetic predisposition to a high BMI is strongly
associated with the risk of MS. In particular, each one-point increase of BMI standard
deviation appears to confer a 41% increase in MS risk. The mechanisms by which obesity
may contribute to the increased risk of MS are unknown. Several mechanisms have been
proposed, including the induction of a pro-inflammatory stat typical of obesity and increased
leptin production and reduced adiponectin with consequent reduction of regulatory T

lymphocytes (Tregs) (18).



e Epstein-Barr Virus infection (EBV): The role of EBV infection in the pathogenesis of MS has
attacked interest since many years. EBV persists in a latent form in B lymphocytes throughout
the life of the host altering the dynamics of the immune response. Furthermore, some studies
have found the EBV genome in demyelinating lesions in subjects with MS (19). However,
given that EBV infection is ubiquitous (95% of the population), causality studies have been
largely hindered. Recently, a study conducted on 10,000 American soldiers, in which the
incidence of MS in EBV-negative and -positive patients was compared over a 20-year period,
concluded that EBV-infected subjects have a risk of developing MS greater than 32 times
higher than uninfected subjects or subjects infected with other viruses such as, for example,
cytomegalovirus. Furthermore, seroconversion after EBV infection has been associated with
increased serum neurofilaments in a pre-clinical phase of MS, concluding that EBV infection
is the main cause of MS (20). On the other hand, considering that all MS patients are EBV
positive but not all EBV-infected patients develop MS, in this scenario EBV infection appears

as a necessary but not sufficient factor for the development of the disease.

e Diet habits and microbiota: recently, the microbiota has attracted the interest of many
researchers as contributor of MS pathogenesis. Accordingly, it would seem to be involved in
the regulation of the host immune system in response to external factors and this imbalance
could be the trigger of damage to the blood-brain barrier (BBB) with subsequent pro-
inflammatory shift within the CNS. In particular, dysbiosis supported by unhealthy dietary
habits (e.g. diet rich in saturated fats, poor vitamin D intake, etc.) would lead to the increase
of gut Firmicutes and Bacterioides with consequent reduction in the production of anti-
inflammatory metabolites such as propionate and butyrate and subsequent reduction of Treg
lymphocytes, increase of Th17, over expression of genes involved in antigen presentation to
B and T lymphocytes and activation of the complement and coagulation cascades with
increased intestinal permeabilization and systemic inflammation that could contribute to the

pathogenesis of MS (21).

The etiology of MS seems to be multifactorial involving genetic (e.g., HLA genes), individual (e.g.,

smoking, obesity) and environmental (e.g., infections) factors.



1.3. Neuropathogenesis
MS is an autoimmune disease characterized by the lymphocyte-mediated destruction of
oligodendrocytes. Historically, it has been defined as an organ-specific, T-lymphocyte-mediated
autoimmune disease, although the effectiveness of anti-CD20 drugs in modifying its course has
strongly modified this concept (22). The first photogenetic model was the “immunoallergic theory”
which was based on that observed in mice model of experimental autoimmune encephalomyelitis
(EAE). Of note, EAE is induced by the inoculation in mice of myelin-targeted T lymphocyte. Recent
studies showed that the unbalance between T lymphocyte subsets is a feature of the MS pathogenesis.
Specifically, is has been observed the increase of T helper (Th)-1 and Th17 lymphocytes producing
interleukin (IL)-1, interferon y (IFN- y) and IL-17 and IL-22, respectively, with proinflammatory
effects and BBB permeabilization. This may allow to the entering of cytotoxic T lymphocytes (T
CD8+) into CNS causing direct myelin damage. However, resident microglia and astrocytes seem to
have a role in the maintaining as well as compartmentalization of the intrathecal inflammation (23).

In the following section the role of lymphocytes and microglia has been briefly reviewed.

o T CD4+lymphocytes: Thl lymphocytes produce IFN-y, a pro-inflammatory cytokine which
is able to exacerbate inflammation in experimental model of MS. The target cell of Thl
lymphocytes is microglial cells. They produce pro-inflammatory cytokines such as IL-1 and
IFN-y that promote the activation of microglial cells towards a pro-inflammatory and
neurotoxic phenotype called M1-like. Moreover, Th 17 lymphocytes producing IL-17A may
promote the disruption of BBB allowing the penetration of autoreactive Thl and TCDS into
CNS. In addition, the IL-17A receptors is located also on the surface of astrocytes, and this is
the reason why pro-inflammatory Th17 cells may also promote astrogliosis and astrocyte

degeneration (24).

o Tregulatory lymphocytes (Treg): they suppress the inflammatory response by producing anti-
inflammatory cytokines such as IL-10 and IL-4. Although the role of Treg in the pathogenesis
of MS is not completely understood, a dysregulation of these cells, in terms of reduction

and/or impaired functioning, has been proposed as further pathogenetic pitfall of MS (25).

o T CDS8+ Iymphocytes: These cells have been found in greater quantities than TCD4
lymphocytes, in both gray and white matter lesions, and they lead to neurotoxicity through

the production of granzyme, perforin as well as apoptosis by the interaction between FAS and



FAS-L. They also produce proinflammatory cytokines such as IL-17 and chemotactic factors

(e.g., IL-16) for TCD4 allowing the self-sustaining of inflammation (25).

e B cells: the neurotoxic action of B lymphocytes is multifaceted. While they can differentiate
into plasma cells producing antibodies directed against CNS structures, they also function as
antigen-presenting cells to T lymphocytes, activating them and reiterating inflammatory
processes. Furthermore, they are capable of generating ectopic meningeal foci, or secondary
lymphoid follicles, responsible for maintaining a pro-inflammatory environment within the
CNS. Therefore, they not only actively participate to the initial remitting-relapsing phase but

their role may be prominent for disease progression (26).

e [nnate immunity: Among these, mast cells, involved in the permeabilization of the BBB,
peripheral macrophages, neutrophils and resident microglia have been implicated in MS

pathogenesis (25).

The trafficking of autoreactive lymphocytes from peripheral circulation into CNS has a key role in
MS pathogenesis. Accordingly, it has been hypothesized that production of autoreactive T cells in
response to unknown antigens or allergens with their subsequent CNS infiltration was the starting
point of demyelination. Resident microglia, in turn, shift towards a pro-inflammatory phenotype
amplifying the inflammatory processes into CNS (27). However, the pathogenetic model is more
complex and is not fully understood. Whilst the lymphocytes infiltration into CNS in a waves fashion
from peripheral circulation is underlying the demyelinating attack (MS relapse), the
compartmentalization of the inflammation is a key feature of MS progression. From a clinical
perspective, the recurrence of inflammatory waves into CNS is underlying the relapsing-remitting
RRMS while the compartimentalized inflammation is underlying the SPMS. Accordingly,
neuropathological studies showed that active demyelinating lesions in RRMS are enriched by T CD8+
lymphocytes and, in part, by B lymphocytes and plasma cells with prominent demyelination and
relative sparing of axons. On the contrary, the progressive phase is characterized by chronic lesions
with an inactive core and a microglia and macrophages rich border (28,29). In this case, the number
of B cells and plasma cells as well as the axonal loss are higher compared to the relapsing phases.
These neuropathological changes are in parallel with the transition from RRMS to progressive MS.
Based on these premises, several types of lesions were identified in CNS of patients with MS

according the disease phase (30).



Active lesions: characterized by a central core enriched by pro-inflammatory cells including

Thl, Th17, B cells, macrophages and activated microglia.

Chronic active lesions (CALs): characterized by an inactive core containing astrocytes and a
microglia and macrophages rich border. Two types of CALs have been identified, the
paramagnetic rim lesions (PRLs) and slowly expanding lesion (SELs). Whilst the former has
an iron-rich border, the latter expand over time. However, both kind of CALs have been

associated with faster disease progression (31).

Inactive lesions: have a well-defined border, hypocellular both in the core and border, typical
of late MS phases. They are characterized by complete loss of myelin with denuded and
atrophic axons, accompanied by reactive astrogliosis. Occasionally, remyelination processes

can be observed.

Shadow plaque: they appear after 4-8 weeks from a demyelinating event representing the
epiphenomenon of the remyelination process. The remyelination is promoted by protective
microglia (M2-like). These cells are able to phagocytose myelin debris as well as to produce
neurotrophic factors (32). The remyelination processes are more efficient in subcortical area
rather than periventricular and in lesions proximal to neuronal soma (32). It is worth noting
that remyelination decreases with increasing resulting more efficient before 55 years of age

and within ten years from MS onset (32).

Gray matter lesions: they exhibit a lower degree of inflammation, edema, microglial
activation, and macrophage recruitment compared to white matter. Depending their
localization, they can be classified into four types: 1) cortico-subcortical junction;
2)intracortical and perivenous; 3) subpial layers of the cortex; 4) involving the entire cortical

ribbon.

The neurological impairment is not fully explained by demyelination alone but it appears also related

to secondary axonal damage (33). As introduced before, the progressive infiltration of CNS by

peripheral lymphocytes alongside with the pro-inflammatory switch of resident microglia lead to

compartimentalized inflammation. Specifically, TCD8+ lymphocytes, plasma cells and B cells

promote a chronic pro-inflammatory environment at perivascular or meningeal level affecting also

the pro-inflammatory response of microglia and astrocytes (34-36). Interestingly, the TCD8+
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1.4.

memory cells undergo repeated activation by target antigen promoting the perpetuation of the
inflammation (37). However, the mechanisms underlying the compartmentalization are not
understood. According to the surface-in model, it has been proposed pro-inflammatory cytokines
(IFNy, TNFa, LTa e IL-6) contained in cerebrospinal fluid cause meningeal inflammation and cortical
damage with the formation of subpial cortical lesion with a decreasing gradient of neuronal damage
from ependyma to deep gray matter (34,38—40). Therefore, at this level TCD8+ cells may be
constantly activated by EBV-positive B cells (38,41). However, B cells not only may act as antigen
presenting cells but they may also produce neurotoxin such as LTa and other with subsequent
neuronal damage (42,43). The interplay between meningeal inflammasome and resident microglia
would underlie to compartmentalization of the inflammation and chronic CNS damage. Finally,
several mechanisms of neurodegeneration have been proposed: 1)mitochondrial damage with
impaired axonal transport; 2) neurons apoptosis due to oxidative stress; 3) Wallerian axonal
degeneration due to myelin loss; 4) glutamate toxicity; 5) neurotoxic action of complement
(34,36,44). Thus, the coexistence of different type of lesions (e.g, active, chronic active, inactive, etc)
and in different area of CNS in the same patient and the different lesional pattern between patients

are the basis of intra and interindividual variability of MS neuropathology.

Clinical features

The clinical features of MS are heterogeneous and they depend mainly by the localization of CNS
damage resulting in a highly interindividual variation. The typical presentation of MS is the attack or
relapse characterized by the acute or subacute onset of focal or multifocal neurological symptoms
lasting 24h at least not associated with fever or infections followed by partial or total recovery (45).
The first demyelinating attack is known as clinically isolated syndrome (CIS). It is worth noting that
the entity of recovery decreases over time leading to disability accrual. It is worth noting many CNS
lesions are clinically silent due to the involvement of non-eloquent CNS areas and it has been
estimated that around ten asymptomatic lesions may be found for each relapse. The most common
presenting symptoms are limb paresthesia (43%), optic neuritis (25%), brainstem or cerebellar
symptoms (20%), pyramidal tract signs (15%), Lhermitte signs (2%) and sphincters disturbances
(1%). However, in 14% of cases the MS onset is multifocal. Rarely, it is possible to find a full
compatible magnetic resonance imaging (MRI) finding without clinical symptoms namely
radiologically isolated syndrome (RIS). For the first time, four phenotypes of MS were identified by
US MS Society in 1996 including RRMS, SPMS, PPMS and progressive-relapsing MS (PRMS).
These phenotypes were substantially revised in 2014 with the introduction of CIS and the suppressing
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of the PRMS phenotype since it was enclosed within the definition of PPMS (46). At the same time,

the progressive forms of MS were divided into active and not active ones (Figure 2).

1996 2013
MS clinical description MS disease modifiers
Subtypes Phenotypes

Progressive accumulation
of disability from onset

PP with or without temporary
plateaus, minor remissions

and improvements .
Progressive

accumulation

of disability
from onset Active* and with progression**
(PP)
Progressive accumulation Active but without progression
Progressive of disability after initial Progressive /
disease —> SP relapsing course, with or disease
without occasional relapses > Not active but with progression
and minor remissions
(SP)

| Not active and without
Progressive progression (stable disease)
accumulation
of disability after
initial relapsing
course

Progressive accumulation

of disability from onset
PR but clear acute clinical

attacks with or without

full recovery

Figure 2 Clinical phenothype of Multiple Sclerosis according to the 2013 revision. Adapted from
“Defining the clinical course of Multiple Sclerosis: the 2013 revision”, Lublin F et al, 2014.

o Clinically isolated syndrome (CIS): this is the first neurological attack highly suggestive of
MS. It is characterized by the acute or subacute onset of focal or multifocal neurological
symptoms. A high number of T2 brain lesion and the presence of oligoclonal band in CAS are

factors that enhance the risk of conversion to MS (47).

® Relapsing-remitting MS (RRMS): RRMS is the clinical course in about 85% of patients and it
is characterized by the alternance of relapsing and remitting phases (Figure 3). Approximately
the 80% of relapses full recovery although this percentage falls over time. It has been
estimated that the mean frequency of relapses was 1.5 per year. It is worth noting that a relapse
is an unpredictable event with random frequency (47).
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M Relapse

B Active without worsening

M Worsening (incomplete recovery from relapse)
Il Stable without activity

£ New MRI activity

Disability

tt t ;

Time
Figure 3 Clinical course of the relapsing-remitting Multiple Sclerosis over time. Adapted from

“Clinical Course of Multiple Sclerosis”, Klineova S, Lublin F, 2018.

e Secondary progressive MS (SPMS): this phase is characterized by the unrelenting and
inexorable disability progression over time (Figure 4). It has been estimated that about 50%
of MS patients evolve into SPMS after 10-15 years from disease onset. Among others, late
onset MS, male sex, higher disability at baseline, higher number of relapses and early
involvement of spinal cord are negative prognostic factors that enhance the risk of SPMS
conversion (48). Recently, it has been proposed that MS patients acquire disability over time
through the accumulation of neurological sequela from relapses (relapse-associated
worsening, RAW) or progression independent of relapsing activity (PIRA) (49). However, the
two processes are not mutually exclusive and they are both present since the early phases of

MS contributing to disease progression and disability accrual over time.
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B RRMS
W Active (relapse or MRI activity) with progression
A I Active (relapse or MRI activity) without progression
B Not active with progression
B Not active without progression (stable)
4 New MRI activity

Disability

t ¢ t ;

Time
Figure 4 Clinical course of the secondary progressive Multiple Sclerosis over time. Adapted from

“Clinical Course of Multiple Sclerosis”, Klineova S, Lublin F, 2018.

e Primary progressive MS (PPMS): it is characterized by abrupt and unrelenting progression
since the MS onset, with or without relapses (Figure 5). Fortunately, it is more rare accounting
for about the 5-15% of MS phenotype (50). Although PPMS and SPMS are similar, patients
with SMSP usually have a higher number of T2 brain lesion while those with PPMS have a

higher frequency of new Gd enhancing lesions (48).

B Active (relapse or new MRI activity) with progression
M Not active without progression (stable)

M Not active with progression

B Active without progression

4 New MRI activity

Disability

§ i t ¢

Figure 5 Clinical course of the primary progressive Multiple Sclerosis over time. Adapted from

“Clinical Course of Multiple Sclerosis”, Klineova S, Lublin F, 2018.

14



From the pathogenetic perspective, MS could be considered a neurodegenerative disease with a
spectrum of clinical manifestation ranging from a prodromic phase to PPMS, RRMS and SPMS
depending on the grade and type of CNS involvement (Figure 6) (36).

Pre-symptomatic Relapsing-remitting
4 NCIS 7 N\ Secondary progressive
A : : :

Inflammatory
relapses

— Clinical
disability
(RRMS and
SPMS)

— Clinical
disability
(PPMS)

Clinical
threshold

Clinical disability

Time

Figure 6 Clinical course of Multiple sclerosis over time. Adapted from Filippi et al. 2018, Nat Rev
Dis Primer 2018.

1.5. Diagnostic criteria
The diagnosis of MS was classically based on clinical criteria by the demonstration of its core features
which are the dissemination on time (DIT) and space (DIS). In the pre-MRI era, the diagnostic criteria
required the demonstration of DIT and DIS by the recurrence of clinical relapses indicating the
involvement of multiple CNS sites over time (51). Twenty years later, the relevance of oligoclonal
band (OCB) was suggested by Poser (52). The development of MRI has given a major contribution
in the diagnosis of MS since it allowed a faster recognition of DIT and DIS before the occurrence of
new clinical relapses. The role of MRI in the diagnosis of MS by demonstrating DIT and DIT was
highlighted since the 2001 McDonald criteria which have been updated over time until the latest
version in 2017 (53). According to 2017 McDonald criteria, DIS is demonstrated by the presence of
one lesion in T2-weighted imaging (T2-WI) at least in two of typical CNS areas including
periventricular, iuxtacortical, infratentorial and spinal cord; DIT is demonstrated by the finding of

new T2-WI lesion or the presence of T1 Gd-enhancing lesion or the contemporary presence of both
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T2-WI and T1 Gd-enhancing lesion or the presence of oligoclonal band in CSF (53). A brief summary
of the 2017 McDonald criteria for the diagnosis of RRMS and PPMS is reported in Table 1.

Table 1 The 2017 McDonald criteria for the diagnosis of RRMS and PPMS

RRMS
No. attacks  No. sites Additional data Diagnostics
>2 >2 None
One lesion in two typical CNS site on MRI
>2 1 DIS . : . -
New relapse involving different CNS site
New T2 lesion or T1 Gd enhancing lesion
>1 >2 DIT New relapse
Presence of OCB in CSF
One lesion in two typical CNS site on MRI
New T2 lesion or T1 Gd enhancing lesion
>1 1 DIT + DIS .
Presence of OCB in CSF
New relapse involving different CNS site
PPMS

Disability progression within one year from onset

regardless relapse activity retrospectively or
prospectively assessed plus two out of the

additional features.

One lesion in two typical brain sites on MRI
Two or more spinal cord lesions on MRI

Presence of OCB in CSF

RRMS, relapsing-remitting multiple sclerosis; DIS, dissemination in space; DIT, dissemination in time; CNS, central

nervous system; MRI, magnetic resonance imaging; OCB, oligoclonal bands; CSF, cerebrospinal fluid; PPMS, primary

progressive multiple sclerosis.

The 2017 McDonald criteria have a sensitivity about 85% although with lower specificity (60%) thus

the rate of misdiagnosis is relevant whether they are employed without a strong clinical suspicion

(54). The fulfilling of 2017 McDonald criteria doesn’t mean that the diagnosis of MS is correct before

the exclusion other mimicking disease according the principle of the “no better explanation”. On the

other hand, the availability of even more accurate MRI machines alongside the formulation of even

more sensitive diagnostic criteria allowed the reduction of diagnostic delay over time as well as the

level of disability at diagnosis (55).
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1.6. Evaluation and prognosis
Patients with MS usually undergo longitudinal assessments of disability through the calculation of
the Expanded Disability Status Scale (EDSS), published in 1983 by Kurtzke (56). To date the EDSS
is the most common measure of neurological impairment due to MS worldwide and is employed to
estimate disability progression in clinical practice as well as in clinical trial. The EDSS is a composite
score based on clinical examination of eight functional system score (FSS): visual, pyramidal,
brainstem, cerebellar, sensory, bowel and bladder, mental and ambulation. Depending the
neurological examination, each FSS may be scored from 0 to 5 resulting than in the final EDSS which
is not however the simple sum of each FSS grade. The EDSS ranges from 0 (all FSS equal to 0) to
10 (death due to MS) and provides several intermediate steps indicating an increasing level of

disability as shown in Figure 7.

I:'-!
Increasing
disease LH

burden i
4

t 5-5.5 = Increasing limitation in ability to walk
4-4.5 = Disability is moderate
ﬁ 3-3.5 = Disability is mild to moderate
" 2-2.5 = Disability is minimal
k 1-1.5 = No disability
0 = Normal neurologic exam

Figure 7 Schematic representation of the main step of Expanded Disability Status Scale. Adapted

from “Theranostic Implications of Nanotechnology in Multiple Sclerosis: A Future Perspective”.

The limitations of EDSS are the interoperator variability, a limited sensitivity for cognitive
impairment and its heavy weighting on walking ability. Several clinical factors may affect negatively
MS prognosis including male sex, late onset MS, progressive course from onset, early spinal cord
and/or brainstem involvement, poor recovery from relapses and chronic comorbidities (57,58). More
recently, some MRI findings such as brain or spinal cord atrophy, higher number of black hole and

presence of CALs have been associated with a worse prognosis (59)
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2.

2.1.

2.2.

THERAPIES

The development of a curative treatment of MS has been hindered by the lack of defined etiology and
an uncertain pathogenesis. To date, the goals of therapies are to achieve a full recovery from a relapse,
to prevent the occurrence of new relapses as well as to slow disease progression and disability accrual.
In this perspective, disease modifying treatments (DMTs) including immunosuppressant and
immunomodulant drugs are able to modify MS course reducing the occurrence of new CNS lesions,
relapses and disability accrual (60). On the other hand, corticosteroids are commonly employed to

counteract the acute phase of a relapse favouring a good and prompt recovery.

Therapy of the acute attack

The prompt infusion of intravenous methylprednisolone is the gold standard therapy for the treatment
of MS attack. Corticosteroids reduce the entity of clinical attack by exerting a powerful anti-
inflammatory effect and recovering of BBB permeability. The standard of care is the administration
of intravenous methylprednisolone at the dose of 1000mg daily for 5 days with or without tapering
(61,62). Therapeutical plasma exchange or immunoglobulin should be taken into account in the cases

of steroid-refractory or highly severe attacks (23,63).

Disease modifying treatments

To date several DMTs have been approved for the treatment of MS and they are divided into first-
and second-line therapies according their efficacy. Several drug agencies including Italian one
recommends the use of DMTs in an escalating strategy, thus employing the second line after the
failure of the first line therapies (64). However, it is well known that the early intervention with high-
efficacy DMTs (HE-DMTs) may represent the best window of opportunity to delay irreversible
central nervous system damage and MS-related disability progression (65). Considering the
neuropathological changes over time in patients with MS (e.g., compartimentalized inflammation), it
is not surprising that the early intervention with HE-DMTs is more convenient than the use of first
line immunosuppressants. It is worth noting that the frequency of adverse events related to
immunosuppression (e.g., infections) increase with the increase of DMT power making the patient’s
safety another relevant aspect of the MS treatment algorithm. In the next section a brief overview of

available first- and second-line therapies is provided.

o [nterferon-beta (IFN-fla): it was the first specific DMT approved for the treatment of MS in
1993 by Food and Drug Administration (FDA) followed by IFN-B-1b and peghilated IFN-§3-

la. The interferon compounds have been employed for decades in the treatment of MS despite
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their mechanism of action is almost not understood. Despite they did not change significantly
the natural history of MS, some patients showed a good response to interferons namely good

responder probably due to genetic background (66,67).

Glatiramer acetate: it is a peptide mix mimicking the myelin composition. It is mechanism
of action is to act as false target for autoreactive cells favouring the lymphocytes shifting
toward Th2 phenotype. Although it reduces the relapse rate, it has a modest impact on MS

course (60).

Dimethyl-fumarate: the precise mechanism of action of DMF is unknown although it is able
to activate the erythroid-derived nuclear factor 2 (Nrf2) which, in turn, suppresses the
activation of transcriptional factor Nf-kB exerting anti-inflammatory and neuroprotective
effect. Body flushing, nausea, diarrhea and abdominal pain are common side effects while

rare cases of progressive multifocal leukoencephalopathy have been reported (60).

Teriflunomide: it acts as reversible inhibitor of dihydroorotate dehydrogenase, reducing the
pyrimidine synthesis and the proliferation of T and B cells as consequence. Thus,
teriflunomide is an immunosuppressant. Commonly reported side effects include increases of
liver enzymes, hypertension, cough, dyspnea and leukopenia. It is worth noting that is a

teratogenic drug (60).

Natalizumab (NTZ): is a humanized monoclonal antibody targeting the oa4f1 integrin
expressed on the surface of lymphocytes inhibiting their infiltration into CNS. NTZ was the
first monoclonal antibody for the treatment of MS and it changed the natural history of the
disease by dramatically reducing the relapsing rate, the increasing of brain lesion as well as
the disease progression (68). However, the treatment with NTZ is associated to higher risk of
PML due to its immunosuppressive effect on CNS. The risk factors of PML as well as the

MRI monitoring strategies are explored in the next section.

Sphingosine 1-phosphate receptors modulators (SIPRm): the mechanism of action of SIPRm
is through binding SIPR subtype 1 on lymphocytes resulting in an internalization of
lymphocyte into lymph nodes. The reduction of circulating lymphocytes presumably limits
the inflammatory cell migration into CNS (69). Four SIPRm have been approved for MS

including Fingolimod, Siponimod, Ozanimod and Ponesimod. Fingolimod was the first oral
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HE-DMT and compared to placebo it reduced the relapse rate up to 55-60% (70). Of note,
Fingolimod is the only DMT approved for the treatment of pediatric MS in Italy (71).
Siponimod is the only DMT together with Ocrelizumab which has been approved for the
treatment of patients with active SPMS since it reduced the disability progression in these
patients (60,72). Ozanimod share the same receptor selectivity with Siponimod although it
has been approved for the treatment of RRMS and Chron disease being a good choice in the
case of that comorbidity. The last approved S1IPRm is Ponesimod which acts exclusively on
S1PR limiting thus the side effects of other SIPRm, especially cardiovascular ones (73).
However, SIPRm share the same side effects including moderate to severe leukopenia,

atrioventricular conduction block and infection (e.g., Varicella Zoster Virus).

e Ocrelizumab: is a humanized anti-CD20 mAb administered every six months via intravenous
route. It targets mature B cells exerting mainly an antibody-dependent cellular toxicity.
Ocrelizumab strongly reduces the number of relapses, the accumulation of new CNS lesion
as well as disease progression. To date, is the only drug approved for the treatment of active

PPMS and SPMS (60).

o Ofatumumab: is a fully human anti-CD20 monoclonal antibodies administered once per
month via subcutaneous route. It mechanism of action is quite different compared to
ocrelizumab since it binds two different epitopes of CD20 killing the B cell via both
complement activation and antibody-dependent cellular cytotoxicity. It is a highly effective

DMT with a favorable safety profile (74).

Despite several DMTs are available and recent evidence are supporting the early use of HE-
DMTs, many drug agencies recommend the use of an escalation therapeutical strategy. However,
the first goal of neurologists is to prevent the disability accrual since the first phases of the MS
maintaining a good safety profile at the same time. A possible solution to overlook these issues is

to custom the treatment according to individual features of the patient (Figure 8) (60)
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2.3.

Disease Category

Clinically Isolated Syndrome

favorable characteristics and no residual disability
Relapsing MS

no or minimal disability and inactive MRI scans

Clinically Isolated Syndrome
unfavorable characteristics
Relapsing MS
at least one relapse in prior two years and/or an active MRI

Active Secondary Progressive MS

Primary Progressive MS

Figure 8 Recommendations for the use of disease modifying treatment according to MS clinical.

Adapted from Hauser et al 2020.

Symptomatic treatment

Patients with MS usually experience annoying symptoms which are not under control of DMTs such
as subtle cognitive changes, urinary disturbances, pain, fatigue, and spasticity. These symptoms
significantly affect the activity of daily of living of pwMS reducing their quality of life. Of note,
spasticity is one of the most common disabling symptoms in MS patients (40-84%) affecting mobility
and ambulation (75). A lot of symptomatic drugs are employed to counteract these symptoms such as

anticholinergic drugs, anticonvulsant against neuropathic pain (e.g., gabapentin, pregabalin) and

antispastic drugs such as baclofen (45)

Treatment Recommendation

Option One
__ fingolimod OR
~ dimethyl fumarate

Option One
ocrelizumab OR
natalizumab*

* only if JCV negative

Option One
== siponimod

Option One
== ocrelizumab
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Option Two
__ glatiramer acetate OR
"~ interferon beta OR
teriflunomide

Option Two
fingolimod OR
dimethyl fumarate

Option Two
== ocrelizumab

Option Three
no DMT



3. MAGNETIC RESONANCE IMAGING IN MULTIPLE SCLEROSIS

3.1. Role of MRI in multiple sclerosis
The evidence supporting the use of brain MRI for MS diagnosis originates from the first application
of MRI in patients with MS by Young et al. in 1981 (76). Interestingly, they found that MRI detected
a higher number of MS plaques compared to computed tomography (76). Since its introduction, the
clinical applications of MRI have increased over time alongside the advancement of technology and
the development of MS-specific sequences. MRI has become the most important tool for the diagnosis
and monitoring of MS. Interestingly, the role of brain and spinal MRI in the diagnosis of MS has been
officially recognized with the introduction of 2001 McDonald criteria as they provided the use of
MRI for the detection of DIS and DIT (77). It has been established the type of mandatory MRI
sequences for MS diagnosis are the T2-weighted, fluid attenuated inversion recovery (FLAIR), non-
enhanced T1-weighted imaging (T1-WI) and T1-WI with gadolinium-based contrast agents (GBCAs)
administration at the magnetic field of 1.5T. The use of MRI has gained further relevance with the
introduction of 2017 McDonald criteria (53). Moreover, the central vein sign (CVS) has been
proposed as novel MRI biomarker to improve sensitivity and specificity of MRI in distinguishing MS
from other mimics (78). Even if the CVS has not been included in latest MS diagnostic criteria, its
evaluation through dedicated sequences (e.g., gradient echo) is recommended (79,80). Nevertheless,
the utility of MRI stems from its sensitivity to longitudinal changes including those in overt lesions
and, with advanced MRI techniques, in normal-appearing brain tissue. Conventional MRI techniques,
including lesion detection and measurement of atrophy from T1- or T2-weighted images, have been
the mainstay for monitoring disease activity in clinical trials, in which the use of gadolinium with T1-
weighted images adds additional sensitivity and specificity for areas of acute inflammation (81).
Other relevant application of MRI could be the detection of CALs. It has been shown that the number
and the type of CALs is a negative prognostic factor making their longitudinal characterization
relevant for the estimation of MS prognosis. However, this requires significant efforts from
radiologists as well as the use of specific sequencies such as the susceptibility weighted imaging (82).
It is worth noting that powerful magnets (e.g., 3T and 7T) and advanced sequences have higher costs
and usually their use is limited to University Hospitals. To standardize the use of MRI in MS, in 2021
the Magnetic Resonance Imaging in Multiple Sclerosis (MAGNIMS) and the Consortium of Multiple
Sclerosis Centers (CMSC) published the recommendations on the use of MRI in patients with MS
(83). These include he use at diagnostic purpose as well as monitoring treatment effectiveness and
drug safety (83). Despite the recommendation of MAGNIMS, the use of MRI is still heterogeneous

across different MS clinics especially in particularly conditions which are poor defined by guidelines.



3.2. The risk of PML
The increasing number of DMTs approved for the treatment of MS has led to the need of standardized
MRI-monitoring strategy to assess the treatment effectiveness (84). Whilst the achievement of the
highest anti-inflammatory effect is the mainstay of MS treatment, on the other hand, the use of DMTs
with higher impact on immune system raised several safety concerns. Accordingly, the spectrum of
DMT-related adverse events is wide ranging from vascular diseases, CNS tumor and opportunistic
infection (85,86). Of note, PML is a well-known, rare, adverse event of the treatment with NTZ
despite its occurrence has been reported also during the treatment with other DMTs such as
Fingolimod, Dimethyl-fumarate and Alemtuzumab (87-89). PML is a rare infection of the CNS
caused by the John Cunningham Virus (JCV) which may have fatal consequences or neurological
sequala in 20 % and 40%, respectively, of those affected (90). The risk of PML during NTZ treatment
has been largely investigated in the last years. This PML-risk is higher in the case of positive JCV
serum status, duration of NTZ treatment >24 months and prior use of immunosuppressive therapies
(90). The classical MRI finding of PML are the presence of multifocal demyelinating lesions of the
deep white matter that may mimic the occurrence of new MS lesions. In early stages, around the 48%
of PML lesions originate in the frontal lobe and in most cases are unilobar with a progressive
enlarging over time (91). PML lesions shows high signal intensity in diffusion-weighted imaging
(DWI) with a not corresponded low signal in apparent coefficient diffusion (ADC) imaging
suggesting that these lesions are resulting from intracellular oedema. Contrast-enhancement can be
observed in 30%—40% of the patients in the early natalizumab-associated PML stages suggesting
inflammatory PML characteristics (91). Within and near to the main PML lesion, small T2-lesions
with a microcystic appearance may be observed with a star-like distribution pattern described as
“milky way” appearance (92). Usually, lesion expands over time, often becoming confluent, with the
involvement of corpus callosum, cortico-spinal tract and superior longitudinal fasciculus and
posterior fossa. This massive irreversible demyelination which is promoted by the infection of
oligodendrocytes and astrocytes lead to neurodegeneration with fatal outcome within weeks or
months (92). Several strategies have been investigated to counteract the risk of PML. Firstly, patients
with positive JCV serum antibody after two years of NTZ undergo to extended interval dosing (EID),
thus receiving NTZ every 6 instead 4 weeks with a reduction of PML risk but with unchanged efficacy
(93). Secondly, an intensive MRI-monitoring protocol is suggested in pwMS at higher risk of PML
consisting to perform a brain MRI scan every 3-4 months with the aim to reveal PML as early as
possible in order to achieve a better outcome (94) (95). However, the 2021 MAGMIMS guidelines,
stated that the administration of GBCAs should be only provided in the case of PML suspicion as

well as to monitor PML lesions over time.
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3.3. Gadolinium-based contrast agents
GBCAs were introduced in 1988 to enhance the parenchymal MRI contrast to improve the detection
and characterization of CNS lesions. It has been estimated that 750 million doses have been
administrated up to 2023 and around 40% of these have used in neuroradiology (96). GBCAs contain
the trivalent Gd ion (Gd*"), a strong ferromagnet metal belonging to lanthanides, which shortens the
T1 and T2 relaxation time increasing the signal intensity of T1-WI. It is worth noting that the
unchelated Gd** ions are highly toxic due to its capacity to bind calcium ions interfering with the
calcium-mediated biological processes (96). Thus, Gd*" is enclosed within an organic ligand in
GBCA preventing its free releasing in human tissues. GBCAs may be distinguished in ionic and non-
ionic as well as in linear and macrocyclic ones according their chemical structure. While linear
GBCAs are characterized by flexible and open-chain ligands surrounding the Gd** ion, macrocyclic
GBCAs provides a more rigid and encapsulation of Gd** iones (97). From this perspective, linear
GBCAss are less stable and are more prone to release Gd** ions subsequently (98). On the other hand,
GBCAs may be classified as ionic (i.e, electrically charged and interact with other opposite-charged
ions) and non-ionic (i.e., electrically neutral). However, this ionic property would not seem to affect
the GBCAs stability. Conversely, two chemical parameters may affect GBCAs stability: 1)
thermodynamic stability, which is influenced by tissues pH; 2) kinetic inertness indicating how fast
the GBCAs disaggregates. Thus, the dissociation of Gd** from GBCAs depends on chemical and
physical properties of the chelating agents as well as by tissue chemical characteristics. In this
perspective, macrocyclic GBCAs agent with a more solid structure and higher kinetic inertness may
have higher stability in vivo compared to other ones (99). In Europe, several GBCAs both
macrocyclic (Gadobutrol, Gadoterate, Gadoteridol) and linear (Gadodiamide, Gadopentetate,
Gadobenate, Gadoxetate) have been commercialized as shown in Table 2. Despite the different
concentration of Gd** in various GBCAs (Table 2), the amount of pure Gd** administered per each

MRI scan is the same for each GBCA (0.1 mmol/kg) and it depends on the patient’s weight.

Table 2. List of linear and macrocyclic GBCAs, their concentration in commercial formulation and

their indicated dosage for central nervous system investigation

Linear GBCA Gd (mmol/ml) Gd mg/ml Dose ml/kg
Gadodiamide (Omniscan®) 0.5 78.6 0.2
Gadopentetate (Magnevist®) 0.5 78.6 0.2
Gadobenate (Multihance®) 0.5 78.6 0.2
Gadoxetate (Primovist®) 0.25 394 0.4
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3.4.

Macrocyclic GBCA

Gadobutrol (Gadovist®) 1.0 157,2 0.1
Gadoterate (Dotarem®, Dotagraf®, Claricyclic®) 0.5 78.6 0.2
Gadoteridol (ProHance®) 0.5 78.6 0.2

Gd, gadolinium; GBCAs, gadolinium-based contrast agents.

Gadolinium clearance and retention

The first evidence of GBCAs toxicity was provided in 2006 by the report of Marckmann et al. that
described the nephrogenic systemic fibrosis (NSF) as consequence of GBCAs administration in
patients with severe renal impairment (100). GBCAs were designed for rapid renal excretion even if
their in-vivo behavior depends on chelating agent stability and tissues biological properties. GBCAs
have a wide distribution to extracellular volume and their elimination is mainly renal. Both linear and
macrocyclic GBCAs have a half elimination life lesser than 2h and the 95% of the GBCA is
completely cleared by the kidney after 12h. However, a small amount of Gd*" may have a deeper
distribution with a long-lasting residual excretion which is faster for macrocyclic compared to linear
GBCAs (101). This difference in long-lasting excretion is correlated to higher chemical stability and
lower rate of transmetallation of macrocyclic GBCAs. Accordingly, it has been shown that the tissue
releasing of Gd*" is higher for linear GBCAs (20%) compared to macrocyclic ones (0.1%) (98).
Recently, Gd** ions from both linear and macrocyclic GBCAs were found into three different forms
in rats including intact chelate, free Gd** and aggregate to macromolecules (102). Thus, it is clear
that the process of Gd*" deposition in human tissues is multifaceted and may include several
mechanisms: 1) transmetallation; 2) acidic dissociation in lysosomes; 3) in-vivo generation of Gd-
containing nanoparticles. Through a chemical reaction known as transmetallation, the Gd*" ions may
be exchanged with other metal ions (e.g., Zn?*, Cu?*, Fe**, Ca?") with the subsequent release of free
and toxic Gd** (103). It is worth noting that stable GBCAs may not cross the BBB and they reach the
CSF though the choroid plexus and the brain tissue via the glymphatic system alongside perineural
sheaths and perivascular spaces (104). It has been hypothesized that transmetallation between Gd**
and other metals such as Zn?*, Cu?" and Fe’" take place in the extravascular space. Thus, the
glymphatic system may have a central role in the Gd clearance since may serve as pathway for its
deposition (105,106). Several factors may affect transmetallation such as chemical stability, exposure
duration, concentration of competing metals and chemical properties of the tissues. Based on the
premises, it is not surprising that transmetallation is increased for linear GBCAs (e.g., less stable) or
in patients with impaired renal function (e.g., prolonged exposition) or in metal-enriched tissues

107,108). Interestingly, the accumulation of Gd** in dentati nuclei (DN) and globi pallidi (GP) might
gly
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further be explained by the increased metal content in these areas, facilitating transmetallation. The
acidic dissociation is another mechanism which may explain the Gd deposition in specific cellular
compartments such as lysosomes. Since the chemical stability of GBCAs decrease with decreasing
pH of tissue, linear GBCAs with lower kinetic inertness may be more prone to acidic-driven
dissociation compared to macrocyclic ones (109). It is worth noting that precipitated Gd** does not
cause T1-shortening at brain MRI thus other mechanisms of its deposition should be taken into
account. Accordingly, some authors suggested the generation of insoluble Gd-containing
nanoparticles which may occur for both linear and macrocyclic GBCAs (110). Recently, Henderson
et al. showed that both linear and macrocyclic GBCAs can dechelate and precipitate as gadolinium
oxalate in an acidic environment; this was confirmed also for macrocyclic GBCAs especially in the
presence of proteins and acid tissue pH (111). It is worth noting that other endogenous anions such
as phosphate and citrate may promote Gd*" precipitation. This mechanism offers a plausible
explanation of Gd** deposition beyond just transmetallation suggesting that also macrocyclic GBCAs
may dechelate in specific conditions. Regardless the mechanism through Gd** accumulates into
human tissues, it may activate several downstream pathogenetic pathways. Firstly, free Gd** may
interfere the calcium-dependent biological process (e.g., ion channels, cascade signalling, etc)
directly disrupting several cellular functions (103,112). Secondly, the deposition of Gd may activate
a local pro-inflammatory response promoting tissue fibrosis. Thirdly, Gd deposits may enhance
oxidative stress with mitochondrial dysfunction and apoptosis. Finally, Gd-containing nanoparticles
may exert a distinct toxicity effect by interacting with cells membrane or act as reservoir for gradual

Gd release (97).The proposed mechanism of tissue Gd deposition are summarized in Figure 9.
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3.5

GBCA administration

Tissue distribution

Nanoparticle

Acidic dissociation Transmetallation formation

Figure 9 Mechanisms of gadolinium deposition in human tissues. GBCA, gadolinium-based contrast

agents. Created with GitMind.

Brain gadolinium deposition

The first study reporting the association between neuroradiological abnormal findings and the
exposition to GBCAs has been published in 2014. Kanda et al. reported a linear, positive, correlation
between the T1-WI signal intensity of GP and DN with the number of GBCAs administrated in 19
patients regardless the renal function (113). The cohort of Kanda et al. did not include pwMS.
Interestingly, six years before the study of Kanda et al., some authors found that the 19.3% of a cohort
of 119 pwMS had hyperintensity of DN on unenhanced T1-WI (114). However, authors interpreted
those radiological findings as epiphenomenon of MS progression since they were associated with
progressive course, higher EDSS and higher brain atrophy (114). At the end of 2014, a positive
association was demonstrated between the increase of T1-WI signal intensity of DN and the number
of administrated doses of gadodiamide in pwMS even if the clinical consequences were not
investigated (115). Since the first reports, a lot of animal and retrospective human studies have
investigated the effect of GBCAs exposition in brain tissue. Interestingly, the use of linear GBCAs
has been associated to Gd deposition in rat and dog brains in a dose-dependent manner regardless the
presence of renal dysfunction, especially in DN and GP (116-120). In addition, Gd deposits were
found in pulvinar, pons, frontal lobe cortex and white matter, cerebellum and pituitary gland

(116,121,122). Notably, Gd deposition reached higher concentration in active inflamed area of mouse
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brain (123). Whilst brain deposits of Gd and macromolecules have been found for linear GBCAs,
only traces of intact chelated have been found for macrocyclic ones with complete wash-out over
time suggesting that more stable Gd compounds (macrocyclic GBCAs) are completely cleared rather
than linear GBCA (124,125). Most of the published studies were focused on signal intensity changes
in the DN providing the evidence that 1)linear GBCAs are correlated with a T1-WI signal intensity
increase of DN; 2) non-ionic linear GBCA (i.e., gadodiamide) causes a stronger T1-WI signal
intensity increase than ionic linear GBCAs (i.e., gadopentetate and gadobenate); 3) macrocyclic
GBCAs are less or not associated with T1-WI signal intensity increase of DN and GP compared to
linear GBCAs. However, the reason why Gd accumulates in specific brain regions such as GP and
DN is intriguing. This may depend from the structural anatomy of these structures in terms of
vascularization and/or by the presence of an environment rich in metal ions making these structures
prone to transmetallation and dechelation. In rat brain three chemical form of Gd were found
including intact GBCA, insoluble Gd salt and Gd bound to endogenous macromolecules (126). Whilst
intact GBCA was found for both linear and macrocyclic GBCAs, the remaining compounds were
found only after the administration of linear GBCAs. More specifically, complexes of Gd** with
ferritin and other endogenous molecules as well as in the form of amorphous structures and insoluble
salt with calcium and phosphate were found in rats after the exposure to gadobenate and gadodiamide
(127,128). Given that precipitated Gd** is not responsible for any change in MRI signal, it is plausible
that Gd bound to macromolecules is responsible for the signal increase in T1-WI (129). Accordingly,
in the majority of studies, macrocyclic GBCAs did not lead to visible signal change on T1-WI
indicating that linear GBCAs promote the formation of tissue deposits by the precipitation of Gd and
endogenous molecules which are responsible detectable hyperintensity in T1-WI (96). Regardless the
mechanism of deposition, it has been well documented that the Gd brain deposition was more
common following the administration of linear GBCAs rather than macrocyclic ones in animal
models. Neverthless, the findings concerning macrocyclic GBCAs are limited compared linear ones
and often conflicting. A brief overview of the published studies exploring the association between

GBCAs administration and Gd brain deposition in animal models is reported in Table 3.

Table 3. Animal studies exploring the Gd deposition in brain tissue

Linear GBCA Reference
Hyperintensity in DN and GP on T1-WI (130-137)
Gadodiamide Gd found as intact chelate, soluble and insoluble forms (129)
25-40% washout of brain within 12 months (125,138)
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Higher T1-WI changes in DN than macrocyclic GBCA
No increase in Gd levels after radiotherapy
Persistent hyperintensity in DN and GP after 12 months

No ultrastructural or metabolic changes

(139)

(140)

(125,138)
(130,132,133,141)

Normal T1-WI signal intensity of DN and GP (135)

Increase of T1-WI signal intensity of DN and GP (134,137)
Gadopentetate 10-40% washout of brain within 12 months (142)

No increase in Gd brain levels after radiotherapy (140)

Increased Gd levels after brain inflammation (143)

Gd found as intact chelate, soluble and insoluble forms (129)

Gd found as intact chelate, soluble and insoluble forms (129)
Gadobenate Higher T1-WI changes in DN than macrocyclic GBCA (139)

Hyperintensity in DN and GP on T1-WI (119,120,139,144)

Increased Gd levels after abdominal sepsis (136)
Gadoxetate Normal T1-WI signal intensity of DN and GP (145)

Macrocyclic GBCA

Normal T1-WI finding of DN and GP in adult and children (135,146)

More than 85% washout of brain within 12 months (142)
Gadobutrol No detectable Gd levels in brain (144)

Gd only found as intact chelate (129)

Higher Gd brain level compared to Gadoteridol (147-149)

Gd only found as intact chelate (134,135,150,151)

More than 85% washout of brain within 12 months (142)
Gadoterate No detectable Gd levels in brain (144)

Higher Gd level in brain compared to Gadoteridol (147-149)

Normal T1-WI signal intensity of DN and GP (129)

Gd only found as intact chelate (128)

Minimum T1-WI signal intensity changes of DN (139)
Gadoteridol No detectable Gd levels in brain (144)

More than 65% washout of brain within 12 months (142)

Lower Gd level in brain compared to other macrocyclic (147-149)
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GBCAs, gadolinium-based contrast agents; Gd, gadolinium; DN, dentati nuclei; GP, globi pallidi; WI, weighted

imaging.

All the information concerning the association between GBCAs administration and brain deposition

in humans come from indirect finding from observational and retrospective studies. In Table 4 are

listed the current evidence of the association between GBCAs and brain Gd deposition in humans.

Table 4 Human studies exploring the Gd deposition in brain tissue

Linear GBCA References
T1-WI hyperintensity of DN and GP (113,152-154)
Gadodiamide T1-WI hyperintensity of anterior pituitary gland (155,156)
Normal T1-WI signal intensity of DN after radiotherapy (157)
Increased T1WI signal intensity thalamus, DN, GP, RN, SN, CP (158)
Hyperintensity in DN and GP on T1-WI in adult and children (146,159-162)
Gadopentetate Hyperintensity in DN in patients with MS (163)
Increase T1-WI signal intensity of thalamus, SN, RN, CP, DN, GP (158)
Increase T1-WI signal intensity in whole GM, thalamus, DN, GP (164)
Gadobenate T1-WI hyperintensity of DN and GP (159,162,165)
Increase T1-WI signal intensity of thalamus, SN, RN, CP, DN, GP (158)
Increase T1-WI signal intensity of DN and GP in children after (166)
radiochemotherapy
Gadoxetate Signal increase in DN but not in GP on T1-WI (167)
Macrocyclic GBCA
Normal T1-WI signal intensity of DN in MS patient after 22 MRI (168)
Normal T1-WI signal intensity of DN in pwMS (163)
Normal T1-WI signal intensity of DN and GP in pwMS and tumors (162)
Gadobutrol Increase T1-WI signal intensity of DN and GP in pwMS (169,170)
Normal R1 relaxometry finding of DN (168,171)
Increase brain Gd accumulation following radiotherapy (172)
Increased magnetic susceptibility in GP and DN evaluated by QSM (173,174)
Gadoterate Normal T1-WI signal intensity of DN and GP in pwMS and tumor (162)
Increase T1-WI signal intensity in DN and GP in pwMS (170)
Gadoteridol No evidence of Gd retention in women undergoing breast MRI (175)
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GBCAs, gadolinium-based contrast agents; Gd, gadolinium; DN, dentati nuclei; GP, globi pallidi; SN,
substantia nigra; RN, red nucleus; CP, cerebellar peduncle; WI, weighted imaging; MRI, magnetic resonance

imaging; pwMS, patients with MS. QSM, quantitative susceptibility mapping

As reported in Table 4, the toxic properties of linear GBCAs have been well documented while the
finding about macrocyclic GBCAs are conflicting. However, Gadobutrol showed a stronger
association with T1-WI signal changes compared to other macrocyclic GBCAs but this has never

been confirmed to date.
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4.

4.1

4.2.

4.3.

MATERIALS AND METHODS

Objective

To explore the frequency of brain Gd deposition and its neurological clinical correlates in a cohort of
pwMS treated with Natalizumab who underwent a long-term MRI monitoring follow-up for PML-
risk surveillance. The primary analysis aims to explore frequency and localization of brain Gd
deposits in a cohort of pwMS as well as the critical thresholds of Gd enhanced-MRI number and
cumulative Gd dose associated with the presence of Gd deposition in DN and GP. The secondary
analyses aim to explore: 1)whether the presence of brain Gd deposition is associated with
parkinsonism evaluated by the Unified Parkinson's Disease Rating Scale part III (UPDRS-III); 2)
whether presence of brain Gd deposition is associated with changes in the symbol digit modalities

test (SDMT); 3) association between cumulative Gd dose and renal function.

Study design and participants

This is a cross-sectional and retrospective study including patients attending to the MS clinic of the
Hospital Fondazione Istituto G. Giglio, Cefalu, Palermo, Italy. The study inclusion criteria were to
have: 1) a diagnosis of MS; 2) a history > 1 year of NTZ treatment 3) an MRI follow-up history in
Cefalu Hospital. Patients with lacking data or/and those who received less than 12 NTZ infusions
or/and those who were lost to follow-up or/and who did not perform MRI at the Cefalu Hospital were

excluded.

MRI data acquisition

All patients underwent the standard MRI acquisition protocol for MS that included T1-WI, T2-WI,
T2-FLAIR, DWI, ADC and GBCA-enhanced T1-WI. All MR examinations were performed on a
Philips Achieva 1.5-T system (Philips Medical Systems, Best, The Netherlands) and on a General
Electric (GE) Signa 1.5-T scanner (Milwaukee, WI). A 16-channel SENSE neurovascular coil was
used as receiver coil. Imaging sequences included: T2 sequence in axial and sagittal plane, T1
sequence in axial plane with and without intravenous GBCAs injection, axial Diffusion-Weighted
Imaging (DWI) with a b-value of at 1000 s/mm?, 3D Fluid-Attenuated Inversion Recovery (FLAIR)
with fat saturation (Fat Sat) (Imm, gap of 0, isotropic voxel), acquisition in the sagittal plane, 3D
gadolinium-enhanced T1-weighted spin echo (SE) with fat saturation (1mm, gap of 0, isotropic voxel)
acquisition in the sagittal plane. All enhanced-MRI were performed by the administration of the
standard dose of 0.1 mmol/kg of Gd (15.72mg/kg), regardless the type of GBCAs. The scheduled

frequency of monitoring MRI ranged between 3 and 6 months according to JCV serum status and the



4.4.

4.5.

4.6.

duration of NTZ treatment. All the MRI scans were performed at Fondazione Istituto G. Giglio,
Cefalu, and they were archived into the electronic system (Olomedia, Healthcare solution, Palermo,

Italy) of Radiology and Neurology departments.

MRI data analysis

Enhanced and non-enhanced T1-WI of brain MRI scans for each MS patient included in this study
have been reviewed. The MRI imaging reviewing procedure was carried out by the same operator
(S.I) between June 2024 and December 2024 by using the PC Desktop HP 24-cr0076nl with a 24-
inchs Full HD monitor and the integrated graphic equipment UHDIntel®. The presence of brain Gd
deposits was defined by the presence of eye-visible hyperintensity of GP and/or DN in non-enhanced
T1-WI sequences. If a patient did not have an eye-visible T1-WI hyperintensity of DN or GP on the
last available brain MRI scan, he or she was classified as not having brain Gd deposition. For each
study participants, all MRI scans were reviewed retrospectively until the finding or not the T1-WI
hyperintensity of DN or GP. The revision of brain MRI ended as the first finding of T1-WI
hyperintensity. All the MRI scans of pwMS in charge in MS outpatient service are stored in digital
archives of Fondazione Istituto G. Giglio, Cefalu, and their visualization is available in a dedicate

software (OloHealth, Olomedia Healthcare Software, Palermo).

Data collection

Demographic and clinical data of study participants were prospectively collected during each visit in
the MS outpatient service and stored in the local database. The following information were collected:
sex, weight, date of birth, date of MS onset, date of MS diagnosis, type of MS course, DMTs history,
NTZ infusion history, JCV serum status at the start and the end of NTZ. Disability of MS patients
was evaluated through the EDSS (176). The first EDSS at diagnosis was the baseline disability level
whilst the EDSS at the day of follow-up was the latest disability level. By reviewing the MRI history,
for each patient the following variables were calculated: 1) total number of MRI with GBCAs
administration; 2) number of MRI with GBCAs during the treatment with NTZ; 3) number of MRI
with GBCAs before or after NTZ treatment.

Exposition to gadolinium

The exposition to Gd was defined as having undergone at least one MRI scan with GBCAs
administration. By accounting for patient’s weight and the standard Gd dose of 15.72 mg/kg, the
administered Gd dose per each MRI scan was calculated (mgGd/MRI). By multiplying the total Gd
dose administered per each MRI scan for the total number of MRI with GBCAs administration and
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4.7.

4.8.

4.9.

then dividing for the patient’s weight, the cumulative Gd dose received lifetime by each participant
has been calculated (mgGd/kg). For the analyses purpose, the cumulative Gd dose was divided into

four quartiles.

UPDRS collection

The UPDRS-III is the third part of the UPDRS employed in clinical practice to assess the motor signs
of Parkinson disease (177). Due to its comprensive evalutation of basal ganglia and other
extrapiramydal pathways functioning, UPDRS-III was used to assess whether or not Gd-deposits in
DN and GP had a clinical impact in study participants. The performance of participants in each motor
UPDRS task was scored according to guidelines (177). UPDRS was consecutively administered
during the scheduled follow-up visit in study participants with an EDSS lower than 7 and in those
with active follow-up. Patients with an EDSS equal or higher than 7, those who were lost to follow-
up as well as those who was tested one year after the last MRI scan were excluded from the UPRDS

analysis.

SDMT collection

The SDMT has been largely used as tool for the assessment of cognitive processing speed in pwMS
(178). As a part of neurological examination, MS patients underwent oral version of SDMT each
year. Specifically, the patient is presented with a page headed by a key that pairs the number 1-9 to
corresponding symbols. After completing 10 items for demo, patients are asked to link orally each
digit with symbol as fast they can in a time of 90 seconds (179,180). The total score is the number of
correct associations between symbol and digit within 90 seconds; it ranges from 0 to 110 with a
normative cut-off data for Italian subjects of 34.2 (180). For the analyses purpose, only patients with

one available SDMT within one year from the last MRI scan were included in the SDMT analysis.

Renal function

Serum creatinine was routinely collected at each patients visit. For the analysis purpose, the last value
of creatinine (mg/mL) was used to compute the glomerular filtrate rate (GFR as ml/min/1.73m?) by
using the 2021 Chronic Kidney Disease Epidemiology Collaboration equation. The renal function
was classified as G1, normal (GFR > 90 ml/min); G2, mildly decreased (GFR 60-89 ml/min); G3,
moderate to severe decreased (GFR 44-59 ml/min); G4 severe decrease (GFR 15-29 ml/min); G5,
kidney failure (GFR <15 ml/min) according literature (181).
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4.10. Statistical analyses

Shapiro-Wilk’s test was employed to check normality of continuous variables. Continuous variables
were reports as median and interquartile range while categorical data were reported as number and
relative percentage. Quantitative variables between groups were compared by using Mann and
Whitney or Kruskal Wallis tests, as appropriate. Chi-square and Fisher exact tests were employed for
the comparison of proportion and trend. The number of MRI per year of follow-up was calculated by
carrying out the binomial negative regression with the total number of MRI as response variable and
the natural logarithm of the follow-up time as offset variable. To estimate the grade of association
between the quartiles of cumulative Gd doses and the presence of brain Gd deposits a multivariate
logistic regression model were employed. The association was expressed as odds ratio (OR) with its
95% confidence intervals (CI). To recognize the critical treshold of MRI number and cumulative Gd
dose mg/kg associated with brain Gd deposits, the receiver operating characteristic (ROC) curves
with the calculation of the area under the curve (AUC) were built. The recognition of the best
predicting thresholds with sensitivity, specificity and negative predictive value (NPV) were estimated
by using the Youden Index (YI) as its higher values indicated the best cut off. Multivariable linear
regression models were employed to estimate the association between linear variables. The level of
the statistical significance has been set at p <0.05. All the analyses were performed by using SPSS
(2019. IBM SPSS Statistics per MacOS, Versione 26.0. Armonk, NY: IBM Corp).
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5. RESULTS
Out of n=271 pwMS treated with NTZ, a total of n=205 were included in this study for the primary

analysis according to study inclusion criteria (Figure 10).

Natalizumab cohort

N=271

NTZ duration < 1 year
n=3

MRI scan not available
n=43

External MRI follow-up
n=20

A4

Primary Analysis

N= 205
UPDRS > 1 year after
—> |last MRI scan SDMT < 1 year last MRI
n=58 —>|scan
n=112
N EPS;SS >7
Not available =
—> Lost to follow-u;
n=62 — [ P
» [Lost to follow-up
n=30
N N_o; 7collected
Not collected E=
n=43
A Y Y
Renal function analysis UPDRS analysis SDMT analysis
N= 143 N= 66 N=36

Figure 10. Flow-chart showing inclusion and exclusion procedures. MS, multiple sclerosis; NTZ,
natalizumab; MRI, magnetic resonance imaging; EDSS, expanded disability status scale; CKD-EPI,
Chronic Kidney Disease Epidemiology Collaboration; UPDRS, Unified Parkinson's Disease Rating

Scale.

The secondary analyses that aimed to explore the effect of prolonged Gd exposure to renal function,
extrapyramidal system and cognitive function were carried out by including n=143, n=66 and n=36

subjects, respectively (Figure 10).
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5.1 Demographic and clinical features

Most of the participants were female (70.2%) and were RRMS (70.2%) at the follow-up date. The
median age at study follow-up was 42.2 years (35.7-49) with a median follow-up time of 13.3 years
(9.7-17.6); the median EDSS at last visit was 2 (1-4). Among participants, n=133 (64.9%) tested
positive for serum JCV while even higher proportion of them received NTZ in EID (n=185, 90.2%)
and underwent 3-months MRI-monitoring protocol (n=148, 72.2%). The complete demographic and

clinical features of study participants are reported in Table 5.

Table 5 Demographic and clinical features of study cohort

Demographic features

Female, n (%) 146 (70.2)
Age at follow-up, median (IQR) 42 (37-49)
Weight, kg, median (IQR) 65 (60-70)
Clinical features
RRMS, n (%) 146 (70.2)
Follow-up duration, y, median (IQR) 15 (11-20)
Baseline EDSS, median (IQR) 1.5 (1-2)
EDSS at follow-up, median (IQR) 2.0 (1-4)
Natalizumab treatment
JCV positive at baseline, n (%) 113 (55.1)
JCV positive at follow-up, n (%) 133 (64.9)
Ongoing, n (%) 183 (89.3)
Extended interval dosing, n (%) 185 (90.2)
Treatment duration, y, median (IQR) 7.3 (4-11)
MRI monitoring
Every 3 months, n (%) 148 (72.2)
Every 6 months, n (%) 59 (28.4)
Number of total Gd-enhanced MRI, median (IQR) 31 (20-38)
Exposition to Gd
Dose of Gd, mg/MRI, median (IQR) 1022 (943-1179)
Cumulative Gd dose, mg/lifetime, median (IQR) 30182 (19820-42130)
Cumulative Gd dose, mg/kg, median (IQR) 487.3 (309-597)

IQR, interquartile range; RRMS, relapsing-remitting multiple sclerosis; y, years; EDSS, Expanded Disability Status

Scale; JCV, John Cunningham Virus; MRI, magnetic resonance imaging; Gd, gadolinium.
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Participants underwent a median of 31 (20-38) GBCA-enhanced MRI scans with a rate of 2.2 (2-2.5)
MRI scans per patient per year of follow-up. Overall, participants were exposed to a median Gd dose
of 1022 mg/MRI resulting in median cumulative Gd dose of 30182 mg or 487.3 mgGd/kg. Patients
underwent a higher number of enhanced-MRI scan per year of follow-up during the treatment with
NTZ (2.77 [95% IC: 2.4-3.2]) rather than the NTZ-free period (1.60 [95% IC: 1.4-1.9]), p<0.0001
(Figure 11).
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Figure 11 Box-plot showing the difference of the number of MRI scans during the treatment with

NTZ and during the NTZ free follow-up time

JCV positive patients underwent higher number of MRI scans (34 [IQR: 24-41] vs (21 [IQR: 16-32])
and were exposed to a higher cumulative Gd dose (535 mg/kg [IQR 393-635] vs 338 mg/kg [244-
508]) as depicted in Figure 12.
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Figure 12 Box-plot showing the difference of the number of MRI scans (A) and total GD dose (B) in

patients with and without positive JCV serum status.

38



5.2 Frequency and type of brain gadolinium deposits

Out of 205 participants, n=33 (16.1%) showed the presence of T1-WI hyperintensity of GP and DN
(Figure 13A). Most of them had an involvement of both (n=18, 54.5%) while n=13 (39.4%) and n=2
(6.1%) had the isolated involvement of GP and DN, respectively (Figure 13B).

A B

I No deposits

BG and DN
D i an
Gl deposits

Figure 13 Frequency of T1-WI hyperintensity in study participants (A) and their relative frequency

according to anatomical localization (B). Gd, gadolinium; BG, basal ganglia; DN, dentati nuclei.

Patients with DN and GP T1-WI hyperintensity had a longer follow-up time compared to those
without it (13 years [10-17] vs 19 years [15-22]) and they underwent a higher number of MRI scans
lifetime (p<0.0001) as well as during the treatment with NTZ (p<0.0001). They had higher age
(p<0.0001) and were exposed to higher cumulative Gd dose (p<0.0001). Finally, a higher proportion
of patients with SPMS was found in those with brain T1-WI hyperintensity (p=0.038). However, sex,
EDSS, proportions of JCV positive patients and GFR did not differ between groups (all p>0.05). The
complete comparison between patient with and without brain T1-WI hyperintensity are reported in

Table 6.

Table 6 Comparison of demographic and clinical features in study participants with and without DN
and GP T1-WI hyperintensity

T1-WI normal T1-WI Hyp )2
N=172 N=33
Men, n (%) 49 (28.5) 13 (39.4) 0.21
SPMS, n (%) 47 (27.3) 15 (45.5) 0.038
Age at MS onset, y, median (IQR) 25 (21-32) 25 (25-34) 0.88
Age at follow-up, y, median (IQR) 42 (36-48) 46 (40-61) 0.004
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Follow-up duration, y, median (IQR) 13 (10-17) 19 (15-22) <0.0001
EDSS, median (IQR) 2 (1-4) 2.5(1-5.5) 0.24
Weight, kg, median (IQR) 65 (58-72) 69 (60-80) 0.29
NTZ duration y, median (IQR) 7 (4-11) 12 (9-15) <0.0001
NTZ free-time y, median (IQR) 5(3-8) 7 (4-9) 0.15
Extended interval dosing, n (%) 172 (88.4) 33 (100) 0.049
JCV serum status, n (%) 107 (62.2) 26 (78.8) 0.068
No. total Gd-enhanced MRI, median (IQR) 27 (20-36) 41 (34-48) <0.0001
Cumulative Gd dose, mg/kg, median (IQR) 425 (314-568) 634 (539-754)  <0.0001

WI, weighted imaging; Hyp, hyperintensity; Gd, gadolinium; MS, multiple sclerosis; IQR, interquartile range; EDSS,
Expanded Disability Status Scale; NTZ, natalizumab; JCV, John Cunningham Virus; MRI, magnetic resonance imaging;
CKD-EPI, chronic kidney disease epidemiologic collaboration.

To explore the association between the cumulative Gd dose received by participants, a multivariate
logistic regression analysis was carried out. Particularly, the exposition to increasing cumulative Gd
dose, was associated with the increasing odd of having DP and GP T1-WI hyperintensity (Q3 vs Q1-
2:a0R=7.01 [95%CI: 1.79-27.37]; Q4 3vs Q1-Q2: aOR=16.2 [95%CI: 4.3-61.9]) as shown in Model
1 (Table 7)

Table 7 Multivariate logistic regression analysis exploring the association between the quartiles of

the cumulative Gd dose and the odds to have GP and DN T1-WI hyperintensity

Model 1 B SE Wald aOR 95% Cls p
Lower  Upper
Men (Women ref) 0.40 0.44 0.83 1.49 0.63 3.53 0.36
Age 0.03 0.02  2.08 1.03 0.98 1.07 0.15
Gd dose mg/kg 16.85
Q3 vs Q1-Q2 1.95 0.70 7.85 7.01 1.79 27.4 0.005
Q4 vs Q1-Q2 2.79 0.68 16.61 16.2 4.3 61.9 <0.0001

SE, standard error; aOR; adjusted odd ratios; Cls, confidence intervals; Gd, gadolinium; Q, quartile.
At the same time, a positive association emerged between higher BMI and the finding of T1-WI

hyperintensity of GP and DN although this was not statistically significant as shown in Model 2
(Table 8).
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Table 8 Multivariate logistic regression analysis exploring the association between BMI and the odds

to find GP and DN hyperintensity adjusted by age and sex and Gd dose.

Model 2* B SE Wald aOR 95% Cls p
Lower  Upper

Men (Women ref) 0.49 0.88 0.003 1.05 0.19 5.9 0.96
Age 1.27 0.85 2.21 3.54 0.67 18.8 0.14
Gd dose, quartiles 1.07 0.50 4.52 291 1.09 7.8 0.033
BMI

Overweight vs Normal 0.49 0.99 0.24 1.63 0.23 11.5 0.62
Obese vs Normal 1.30 1.01 1.65 3.66 0.51 25.6 0.20

SE, standard error; aOR; adjusted odd ratios; Cls, confidence intervals; Gd, gadolinium; BMI, body mass
index. *This analysis was conducted including 51 subjects from the study participants for whom BMI was

collected.

The ROC analysis revealed an AUC of 0.82 (95% CI: 0.76-0.88) for the recognition of T1-WI
hyperintensity of GP and DN by evaluating the number of total Gd-enhanced MRI performed by
participants (Figure 14).
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Figure 14 ROC curve showing the accuracy of total number of Gd-enhanced MRI for the recognition
of brain T1-WI hyperintensity. Specificity is on the x axis and sensitivity on y axis. AUC, area under

the curve.
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A threshold of 29 GBCAs-enhanced MRI had a sensitivity of 97% and a specificity of 55.2% with a
NPV of 99% (YI=0.522) for the recognition of brain T1-WI hyperintensity (Table 9).

Table 9 Cut-off values of total number of GBCAs-enhanced MRI and their sensitivity, specificity,

positive and negative predictive values and Youden Index for the recognition of brain T1-WI

hyperintensity.

Cut-off Sensitivity Specificity PPV NPV YI
10 100 6.4 17.0 100 0.064
11 100 7.6 17.2 100 0.075
12 100 8.1 17.3 100 0.081
13 100 11.0 17.7 100 0.110
14 100 15.1 18.4 100 0.151
15 100 16.3 18.6 100 0.163
16 100 17.4 18.9 100 0.174
17 100 20.9 19.5 100 0.209
18 100 221 19.8 100 0.220
19 100 26.2 20.6 100 0.261
20 100 29.7 21.4 100 0.297
21 100 32.0 22.0 100 0.312
22 100 35.5 22.9 100 0.355
23 100 37.8 23.6 100 0.378
24 100 41.3 24.6 100 0.413
25 97.0 42.4 244 98.6 0.394
26 97.0 46.5 25.8 98.8 0.434
27 97.0 48.8 26.7 98.8 0.458
28 97.0 52.9 28.3 98.9 0.498
29 97.0 55.2 29.4 99.0 0.522
30 93.9 55.2 28.7 97.9 0.491
31 93.9 56.4 29.2 98.0 0.503
32 90.9 60.5 30.6 97.2 0.514
33 84.8 66.9 32.9 95.8 0.517
34 81.8 69.2 33.8 95.2 0.510
35 72.7 71.5 329 93.2 0.442

Gd, gadolinium; PPV, positive predicted value; NPV, negative predicted value; Y1, Youden Index.
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The ROC analysis revealed that also the cumulative Gd dose received by study participants lifetime

recognized with high precision the presence of brain T1-WI hyperintensity (AUC of 0.82 [95% CI:

0.75-0.88] as shown in Figure 15.
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Figure 15 ROC curve showing the capability of increasing dosage of gadolinium to recognize brain

deposits with specificity on the x axis and sensitivity on y axis. AUC, area under the curve.

The threshold dose of 501 mg/kg achieved the higher YT (0.525) with a sensitivity of 90.9% and a
specificity of 61.6% with a NPV of 97.2% (Table 10)

Table 10 Cut-off values of gadolinium dose received lifetime and their sensitivity, specificity, positive

and negative predictive values and Youden Index for the recognition of brain Gd deposits

Cut-off (mg/kg) Sensitivity Specificity PPV NPV YI
377 100 41.9 24.8 100 0.419
392 97.0 42.4 24.4 98.6 0.394
393 97.0 43.0 24.6 98.7 0.399
403 97.0 45.9 25.6 98.8 0.429
408 97.0 46.5 25.8 98.8 0.435
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26.4
26.7
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28.7
29.0
29.2
29.5
28.8
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30.3
30.6
30.9
31.2
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31.5
31.8
322
32.9
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32.9
333
33.8
324
32.9

98.8
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97.9
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0.503
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0.479
0.502
0.508
0.514
0.519
0.525
0.495
0.494
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0.506
0.517
0.493
0.498
0.504
0.510
0.437
0.442

Gd, gadolinium; PPV, positive predicted value; NPV, negative predicted value; Y1, Youden Index.
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Fifty-five patients started their MRI follow-up between 1991 and 2006 with a frequency of brain T1-
WI hyperintensity of 32.7%; one-hundred and twenty-four underwent the first MRI between 2007
and 2016 with a frequency of brain T1-WI hyperintensity of 12.1%. No T1-WI hyperintensity was
found in pwMS who started the brain MRI monitoring protocol after 2017 (p<0.0001; Figure 16).
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Figure 16 Bar-charts showing the relative frequency of brain Gd deposits according to the initiation

era of the MRI monitoring. Gd, gadolinium.
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5.3 UPDRS analyses

A total of n=124 patients consecutively underwent UPDRS evaluation. N=66 of them were included
for the analyses according the inclusion criteria (Figure 10). The mean UPDRS score was 2.9 + 4.7
and was higher in patients with T1-WI hyperintensity (6.3 £+ 7.7) compared to those without (1.7 +
2.1) and this was statistically significant (p=0.015) as depicted in Figure 17.
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Figure 17 Box-plot showing the comparison of UPDRS scores between patients without and with
globi pallidi and dentati nuclei T1-WI hyperintensity. UPDRS, Unified Parkinson Disease Rating
Scale, Gd, gadolinium.

The multivariate linear regression analysis showed that age (B=0.22, p=0.049), EDSS (B=0.45,
p<0.0001) and the presence of brain T1-WI hyperintensity (B=0.25, p=0.012) were associated with
higher UPDRS scores while sex was inversely associated with UPDRS and no association emerged

with Gd dose (mg/MRI) as shown in Table 11.
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Table 6 Multivariate linear regression analysis exploring the association between demographic

features, EDSS, presence of brain T1-WI hyperintensity, Gd dose and UPDRS score

Standard error Standardized Beta D
Women 1.07 -0.21 0.035
Age 0.042 0.22 0.049
EDSS 0.28 0.45 <0.0001
T1-WI hyperintensity 1.01 0.25 0.012
*Gd dose (mg/MRI) 0.002 0.12 0.23

EDSS, Expanded Disability Status Scale, Gd, gadolinium, MRI, magnetic resonance imaging. *Gd dose expressed as

mg/MRI did not correlate with brain T1-WT hyperintensity and the assumption of collinearity was not violated.
UPDRS score was higher as higher was the cumulative Gd dose (p=0.037). After the post-hoc

analyses, statistically significant difference was found between Q1 and Q4 (p=0.01) as well as Q2
and Q4 (p=0.02) as depicted in Figure 18.
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Figure 18 UPDRS comparison between the quartiles of the cumulative dose of Gd received by
participants. UPDRS, Unified Parkinson Disease Rating Scale, Gd, gadolinium; Q, quartile.
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5.4 SDMT analyses

A total of 148 patients of the study cohort underwent at least one SDMT assessment. Of them, thirty-
six patients were eligible for analyses (Figure 10). The median score was 44.5 (37-52) and 7 patients
out of 36 (19.7%) achieved a pathologic score. SDMT score was lower in patients with brain T1-WI
hyperintensity (42 [33-45]) compared to those without it (48 [44-53]) and this was statistically
significant (p=0.049) as shown in Figure 20.

70 p=0.049

60 —

50

40

SDMT

30 -

20

10

Absence of brain GD deposits Presence of brain GD deposits

Figure 19 Box-plot showing the comparison of SDMT scoring in patients with and without brain T1-

WI hyperintensity. GD, gadolinium; SDMT, symbol digit modalities test.

However, neither brain T1-WI hyperintensity (B= -0.13, p=0.40) nor Gd dose (mg/MRI) were
statistically associated with SDMT scores and only age (B=-0.49, p=0.003) was related to (Table 12).

Table 7 Multivariate linear regression analysis exploring the association between age, presence of

brain T1-WI hyperintensity, Gd dose and SDMT score

Standard error Standardized Beta D
Age 0.15 -0.49 0.003
Brain T1-WI hyperintensity 3.5 -0.14 0.38
*Gd dose (mg/MRI) 0.008 -0.13 0.40

EDSS, Expanded Disability Status Scale, Gd, gadolinium, MRI, magnetic resonance imaging. *Gd dose
expressed as mg/MRI did not correlate with T1-WI hyperintensity and the assumption of collinearity was not

violated.

In addition, SDMT scores did not differ according to quartile of cumulative Gd dose exposition

(p=0.42); data not shown.
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5.5 Renal function analyses

A total of one-hundred and forty-three patients had a serum creatinine testing and were included in
the analysis. The median creatinine level was 0.76 mg/dL (0.65-0.87) while the median GFR was
102.4 ml/min (89-113). According to 2021 CKD-EPI classification, n=105 (72.4%) and n=37
(25.9%) patients were G1 and G2, respectively, while only one patient (0.7%) was G3. Although
GFR was slightly lower in patients with brain T1-WI hyperintensity (95 ml/min [89-105]) compared
to those without it (103 [89-114]; p=0.089), no statistically significant association was found between
renal disease and presence brain T1-WI hyperintensity (p>0.05). It is worth noting that patients
exposed to higher cumulative dose of Gd showed a reduction of GFR compared other (Figure 22).
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Figure 20 Box-plot showing the comparison between GFR and cumulative Gd dose received. GFR, glomerular

filtration rate; CKD-EPI, chronic kidney disease epidemiological collaboration.

However, age appeared the most important contributor to the decline of renal function (Table 13).

Table 8 Multivariate linear regression analysis exploring the association between sex, age, EDSS,

cumulative GD dose and 2021 CKD-EPI

Standard error Standardized Beta )2
Women 5.02 -0.08 0.28
Age 0.55 -6.78 <0.0001
EDSS 0.61 0.18 0.02
Cumulative Gd dose (mg/kg) 0.007 -0.10 0.20

Gd, gadolinium; EDSS, Expanded Disability Status Scale; CKD-EPI, Chronic Kidney Disease Epidemiology

Collaboration.
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6. DISCUSSION

The aims of this study are to 1)estimate frequency and anatomical pattern of brain TI1-WI
hyperintensity in a cohort of 205 pwMS; 2)identify the number of MRI scan with GBCAs
administration as well as the cumulative Gd dose that predict the presence of brain T1-WI
hyperintensity; 3)explore the clinical consequence of brain T1-WI hyperintensity on motor and
cognitive functions by evaluating UPDRS and SDMT, respectively; 4) explore the relationship
between the cumulative Gd dose and renal function. In this study, a total of 205 pwMS who had
undergone routine brain MRI monitoring with GBCAs administration were enrolled. Patients
underwent a median of 31 MRI with GBACs administration with a rate of 2.2 MRI/patient/year. This
number was higher during NTZ treatment (Figure 11) as well as in in JCV positive patients (Figure
12). These findings were expected since patients at higher risk of PML usually undergo a peculiar
MRI monitoring strategy (e.g., every 3 months). By the visual assessment of the T1-WI signal
increase in DN and GP, the overall frequency of T1-WI hyperintensity was 16.1% in study
participants. Interestingly, while most patients had both DN and GP involvement, the selective
hyperintensity of GP was more common than DN alone (Figure 13). Whether some case report and
not more than fifteen small observational studies in humans have been published, this study represents
the largest cross-sectional study worldwide exploring the frequency of deep nuclei hyperintensity as
a possible consequence of prolonged Gd exposition. Roccatagliata et a. found that 19.3% of a cohort
of 123 pwMS had the T1-WI hyperintensity of DN but this finding was associated to MS progression
rather than prolonged Gd exposition (114). Since Kanda et al. in 2014 reported the deposition of Gd
into cerebral deep nuclei, most of published studies included patients undergoing MRI after brain
tumours surgery with few studies on pwMS. In the present study, patients exposed to a higher
cumulative Gd dose had a higher probability to have a visible T1-WI hyperintensity in GP and DN
(Model 1, Table 7). Thus, there are no doubts that the T1-WI signal intensity changes in GP and DN
of pwMS are related to prolonged exposition to Gd rather than natural history of MS. Moreover, the
increase of BMI was even associated with brain T1-WI hyperintensity and this may be explained by
the fact that obese patients receive a higher dose of GBCAs (Model 2, Table 8). Although this was
not statistically significant, the clinical value of that OR should not be neglected since these results
may be underestimated due to the limited number of participants in this sub-analysis (Table 8).
Furthermore, the threshold of enhanced-MRI number predicting the finding of T1-WI hyperintensity
in GP and DN was calculated. The ROC curves and YI showed that 29 MRI scans with GBCAs
administration is the critic threshold for the finding of eye-detectable T1-WI hyperintensity of DN
and GP with a sensitivity of 97%, specificity of 55.2% and a NPV of 99% (Table 9). A Gd dose of
50Img/kg achieved a 90.9% sensitivity, 61.6% specificity and 97.2% NPV to recognize T1-WI
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hyperintensity of GP and DN (Table 10). Although the specificity values were lower, the higher
sensitivity and NPV values acquire notable relevance in this case leading to correctly prediction of
the dangerous number of MRI with GBCAs administration and critical cumulative Gd dose. These
results may help neurologists and radiologists to individualize the monitoring MRI strategy avoiding
to expose pwMS to an unnecessary number of enhanced-MRI. Furthermore, the trend of T1-WI
hyperintensity in GP and DN frequency decreased according to the date of first MRI (Figure 16). This
would lead to several interpretations. Firstly, this is may be due to the huge use of linear GBCAs
before 2006 and their predominant role as causal factors of brain T1-WI hyperintensity. Since the
description of NSF in 2006, the use of linear GBCAs was progressively avoided and this may explain
the decreasing frequency trend across MRI era in the present study. Studies exploring the effect of
prolonged exposition to macrocyclic GBCAs are conflicting. While lower brain Gd concentration
were found in several in animal treated with macrocyclic GBCAs compared to linear ones, Stojanov
et al. reported a significant increase of the GP-to-thalamus and DN-to-pons signal intensity ratios in
pwMS who received multiple doses of gadobutrol. This signal increase correlated to the duration of
the exposition since its highest values were found in patients receiving gadobutrol over a shorter
period of time compared to those who received the same dose over a longer time period (169). Thus,
whether linear GBCAs induce a stronger brain Gd deposition, it could be hypothesized that the brain
deposition of Gd from macrocyclic GBCAs occurs under specific conditions such as a frequent
administration. This hypothesis may explain the presence of patients with T1-WI changes in the 2007-
2017 era when the use of macrocyclic GBCAs for CNS investigation was almost exclusive. On the
other hand, since the probability to find a visible T1-WI hyperintensity of GP and DN increases with
the increase of the MRI number and cumulative Gd dose, it is also possible that patients who started
the MRI monitoring follow-up in the 2017-2024 era might not have reached the critical Gd dose (i.e.,
501 mg/kg) or MRI number (i.e., 29). Interestingly, Bjernerud et al. reported two patients with
hyperintensity of DN on T1-WI following more than 35 doses of gadobutrol without previous
exposition to linear GBCAs (182). Most observational studies employed the GP-to-thalamus and DN-
to-pons signal intensity ratios as biomarker of Gd deposition while in the present study the finding of
eye-detectable T1-WI hyperintensity in GP and/or DN was used to assess the presence or not of Gd
deposits. (96,183)(147,184)The GP and DN belong to extrapyramidal pathways which are involved
mainly in motor control and executive functions (e.g., optimization of movement in relation to motor
task, motor learning, control of voluntary movement, verbal fluency, etc). Damage to the DN and GP
may result in resting tremor, rigidity, bradykinesia, and gait abnormalities, as well as cognitive
impairment, depression, and neurobehavioral deficits (185,186). Interestingly, the UPDRS score was

significantly higher in patients who had GP and DN T1-WI hyperintensity (p=0.015; Figure 17). Sex
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was inversely associated with UPDRS score while higher age and EDSS were associated with higher
UPDRS scores. Whilst the presence of GP and DN T1-WI hyperintensity was associated to higher
UPDRS score, the Gd dose (mg/MRI) was not associated to (Table 11). However, UPDRS score was
higher in pwMS exposed to the fourth quartile of the cumulative Gd dose (mg/kg) while no other
differences were found among other quartiles in post-hoc analysis (Figure 18). Taken together the
finding may suggest that only patients with eye-detectable T1-WI hyperintensity on non-enhanced
T1 sequences of GP and/or DN have clinical signs of parkinsonism and, at the same time, that the Gd
deposition in GP and DN occurs when a critical threshold of cumulative Gd dose is reached that, in
turn, depends from patient’s weight and number of enhanced-MRI scan. It is worth noting that
patients with and without DN and GP hyperintensity had a similar EDSS (Table 6) while higher EDSS
was associated with higher UPDRS score indicating a possible effect of EDSS on UPDRS calculation.
Notably, one population study ten years ago did not find any association to the exposition with Gd
exposition and the risk of parkinsonism (187). In that case, authors estimated the risk of parkinsonism
in patients exposed to >1 MRI with GBCAs administration compared to never exposed population.
However, participants had a lower exposition to Gd since the 81.5% of them underwent a single MRI
scan. Furthermore, they did not account for the presence or not of T1-WI hyperintensity in deep
nuclei, thus it is not surprising that they did not find an association between Gd exposition and
parkinsonism. More recently, Vymazal et al. did not find signs of parkinsonism or behavioral changes
in four patients with brain Gd deposits after both linear and macrocyclic GBCAs exposure (188); in
this case, the impact of Gd-deposits on motor function was evaluated through the Natural History and
Neuroprotection in Parkinson Plus Syndromes—Parkinson Plus Scale. This scale was developed
originally for parkinson plus syndromes and it would be less appropriate than UPDRS to estimate the
clinical consequences of the GP involvement. Moreover, Scaravilli et al. and Cocozza et al. did not
find any association between the T1-WI hyperintensity and R1 relaxation changes of DN with motor
performance evaluated by EDSS or EDSS worsening (189,190). Accordingly, as the finding of the
presented study, EDSS did not differ between patients with and without brain T1-WI hyperintensity,
probably because EDSS would not the appropriate clinical tool to assess the consequence of a Gd-
related disease. The extrapyramidal functioning through the evaluation of UPDRS in a large cohort
of pwMS with GP and DN T1-WI hyperintensity due to prolonged exposition to Gd has been never
investigated to date. The results from the present study may support a development of a Gd-related
parkinsonism only in pwMS with eye-detectable T1-WI hyperintensity of GP and DN who underwent
a critical number of enhanced-MRI exams and who received the critical cumulative dose of Gd.
Despite patients with GP and DN T1-WI hyperintensity had lower SDMT scores compared to those

without (Figure 20, p=0.049), the multivariable regression analysis showed no association between
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deep nuclei T1-WI hyperintensity and SDMT score (Table 12). In addition, the SDMT scores were
not different across the quartiles of cumulative Gd dose (p>0.05). Forslin et al. investigated the
association between GP and DN signal intensity, verbal memory and SDMT. They found an inverse
association between GP-to-thalamus and DN-to-cerebellum signal intensity ratio and SDMT but this
was lost after correcting for MS severity (e.g., lesion volume) even if the association between signal
changes and reduction of verbal fluency remained significant (191). The same author, by using
relaxometry-MRI, found that the higher relaxation of DN and GP were associated with lower SDMT
and verbal fluency, respectively, although they concluded that the contribution of underlying MS
severity was the relevant factor influencing the cognitive functioning (192). Other authors failed to
find an association between the T1-WI hyperintensity of DN and cognitive function in pwMS (137).
More recently, other authors did not find any association between the presence of DN hyperintensity
or changes in R1 relaxation maps with SDMT, California Verbal Learning Test and Brief Visuospatial
Memory test (189). In conclusion, the results of the presented study are in line with those reported
previously. The finding of new determinants of cognitive dysfunction in pwMS could be somewhat
complex due to massive brain damage masking the effect of other causal factors. Finally, the
association between renal function, brain Gd deposits and cumulative Gd dose was explored. Whether
patients exposed to highest quartile of cumulative Gd dose showed a significant reduction of GFR
compared to other, by adjusting for other clinical and demographic factors no association emerged
between cumulative Gd dose and renal function (Table 13). Accordingly, the frequency of brain T1-
WI hyperintensity did not differ according CKD-EPI quartiles. These finding may indicate a lack of
relationship between prolonged exposition to Gd and renal dysfunction as well as that mild or
moderate renal dysfunction are not predisposing factor to brain Gd deposition. Accordingly, several
studies shown that the tissue deposition of Gd is independent from renal function and that NSF occurs
only in cases of dramatic renal disease (GFR <30ml/min) (96,97,193). Thus, renal disease may affect
tissue deposition of Gd only in special conditions but the prolonged Gd administration would have

not toxic effect on renal functioning.

. LIMITATIONS AND STRENGHT

This is a retrospective and cross-sectional study and the first limitation would be the selection bias
because the enrollment of a special cohort (i.e., MRI monitoring for PML-risk surveillance) which
may be not representative of the general MS population. However, given the peculiarity of these
patients, the presented cohort represents a unique population for the study of toxic consequence of
prolonged exposition to Gd. Furthermore, both linear and macrocyclic GBCAs were grouped together

since the identical Gd dose (0.1 mmol/kg) provided per each MRI scan regardless their chemical
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composition. This lack of stratification between linear and macrocyclic GBCAs may represents other
limitation. Moreover, whether more than one-hundred study participants underwent UPDRS and
SDMT testing, many of them were excluded from the analysis and this would lead to attrition bias.
Finally, both signal intensity ratios and the absolute signal intensity increase on T1-WI may be
affected by several confounding factors such as MRI parameters acquisition, type of ROI, sequence
type and strength of magnetic field (96,183). Some MRI techniques such as R1 relaxometry and QSM
are more sensitive tools for biometal imaging allowing a more accurate quantitative evaluation of
transchelation of Gd from GBCA to competing macromolecules (147,184). Thus, it is also possible
that the frequency of brain Gd deposits has been underestimated in the present study. However, as a
strength, this was the biggest study worldwide investigating the frequency of Gd-related T1-WI
hyperintensity of DN and GP in pwMS. Moreover, the sample size and the long history of Gd
exposition allowed to estimate the threshold of the dangerous cumulative Gd dose and the critical
number of enhanced-MRI subsequently. It is worth noting that, UPDRS here for first time was

employed to explore the clinical consequence of Gd deposition in GP and DN.

. CONCLUSION

The use of GBCAs in pwMS is usually recommended at diagnosis and should be limited as much as
possible during the routine MRI monitoring (83). Historically, pwMS underwent several enhanced-
MRI scans to monitor disease activity, particularly those in special conditions such as for the PML-
risk surveillance purpose. Thus, it is not surprising that many MS patients have undergone more than
30 MRI scan with GBCAs administration lifetime. Since the identification of NSF, several strategies
have been developed to minimize the consequence of Gd exposition such as screening practices and
development of more stable GBCAs. According to the chemical properties of GBCAs, the American
College of Radiology provided a classification of GBCAs into three groups based on NSF risk: 1)
Group 1 (highest risk) includes gadopentetate dimeglumine, gadodiamide; 2)Group 2 (intermediate
risk) includes gadobenate dimeglumine; 3) Group 3 (lowest risk), includes all macrocyclic agents.
This turned out in a switch to macrocyclic GBCAs from 2007 in most European hospitals.
Furthermore, after the publication of articles showing the increased T1-WI signal intensity in GP and
DN, starting from February 2017, high risk GBCAs were withdrawn from European market while
gadobenate was limited to liver MRI resulting in an exclusive use of macrocyclic GBCAs (194). The
present study expands the knowledge about the effect of prolonged exposition to Gd and cerebral
toxicity suggesting that the involvement of GP and DN could be not clinically irrelevant. Commonly,
the management of pwMS is complex due to several reasons (e.g., chronic comorbidities, disability,

DMT adverse events, etc). In this perspective, Gd toxicity may have a negative impact both at
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individual (e.g., worsen patient’s disability) and at healthcare level since it imposes the
implementation of monitoring strategy to minimize its risk. Despite the prolonged Gd administration
was not associated to the decline of renal function, the management of Gd exposure appears even
more relevant in pwMS who are often elderly, undergoing concomitant DMT and burdened by chronic
comorbidities that may collectively contribute to Gd toxicity. Thus, regardless the type of GBCAs,
the presented results in this study supports their use only in specific conditions in pwMS limiting the

exposition to a critical number of enhanced-MRI scans and cumulative Gd dose.
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